Based on the citrate model of Lobit and colleagues and measured data, a new model, which is able to reproduce the variation over time of citrate concentration in two peach cultivars, has been proposed. As in the original one, the new model calculates the rate of citrate synthesis or degradation as the product of a 'synthesis potential' and an 'efficiency level'. While in the old model the 'efficiency level' was a simple linear function of temperature and respiration, in the new one its relationship with respiration is accounted for by a coefficient that decreases throughout fruit development. The differences in model parameters between the two cultivars were investigated: late-maturing cv. Suncrest had significantly lower citrate synthesis potential than mid-maturing cv. Fidelia. The responses of citrate concentration to model parameters, temperature, fruit respiration, and growth curves were studied. The most important parameter in the new model, k 4,2 , represented the date when the relationship between respiration and 'efficiency level' changed from positive to negative. Raising mean temperature increased the citrate concentration at the beginning and decreased it near maturity for cv. Suncrest, while citrate concentration increased throughout fruit development and more strongly for cv. Fidelia. An increase in the mesocarp dry weight increased both fruit respiration and citrate concentration at the beginning of fruit development, while near maturity it increased fruit respiration but decreased citrate concentration. The model was also able to reproduce the effect of assimilate supply (leaf:fruit ratio). Further potential uses of the model were discussed.
Introduction
Organic acids are important components of fruit flavour and, as such, contribute with soluble sugars and aromas to the overall organoleptic quality (Sweeney et al., 1970) . Citrate is one of the most important organic acids for many fruits (Tucker, 1993) . Understanding the development of acidity during fruit development requires studying the mechanisms involved in the accumulation of citrate. The ongoing studies of metabolism, enzyme activities or gene regulation throughout fruit development have not yet advanced adequate explanations to elucidate the complexity of the mechanisms involved in citrate accumulation. Moing et al. (1999 Moing et al. ( , 2000 found that PEPcarboxylase, a key enzyme in organic acid biosynthesis, might participate in the control of organic acid accumulation during fruit development in the normal-acid peach fruit of cv. Fantasia with juice pH about 3.5 at maturity, while little relation between PEP-carboxylase activity and acid accumulation was found in the low-acid peach fruit of cv. Jalousia with juice pH about 4.5 at maturity. They suggested that mechanisms other than organic acid synthesis might account for the differences in acidity between normal-acid and low-acid peach fruit. Similarly, studies focusing on tonoplastic transport system (Canel et al., 1995) or mitochondrial citrate synthase (Canel et al., 1996) failed to explain the differences in citrate accumulation between high-and low-acidity citrus cultivars. In addition, Etienne et al. (2002) detected six genes involved in organic acid metabolism and found that their expression patterns were also not always correlated with the changes in organic acid concentration in peach. It appears difficult to identify single steps controlling acid accumulation.
Recently, a physiological model, constructed by Lobit et al. (2003) , was proposed to be an integrating approach for analysing citrate accumulation at the whole fruit level. This citrate model was based on metabolic control theory (Fell, 1997 ) and a 'top-down' approach (Kell and Mendes, 2000) : the fluxes in the citrate cycle, the transport of metabolites between the cytosol and the mitochondria, and the regulatory behaviour for the related enzymes were represented as linear combinations of regulatory factors (temperature, energy state, and metabolite concentrations); then groups of successive reactions were modelled as a single reaction. It has been successfully used to analyse the response of citrate concentration in peach fruit to variations of temperature and fruit growth (Lobit et al., 2003) .
In this study, the focus was on improving the citrate model of Lobit et al. (2003) with a large body of experimental data sets incorporating different peach cultivars, assimilate availabilities, and years, and the sensitivities of citrate concentration to model parameters, temperature, fruit respiration, and growth were analysed further. The ability of the model to predict the relative importance of metabolism and dilution as a result of increasing fruit size was also analysed.
Description of the model
Citrate model established by Lobit et al. (2003) A citrate model, which predicts the rate of net citrate production per fruit in response to fruit respiration and temperature, was established by Lobit et al. (2003) . In this model, the rate of citrate metabolism was represented as the product of two terms: (i) a 'synthesis potential' [(a) in the equation below, that is the rate of dicarboxylic acids entering the mitochondria that, if metabolized into citrate, would define the maximum rate of citrate synthesis], which varies linearly with temperature (with parameter k 1 and k 2 accounting for the synthesis potential and its response to temperature respectively), and (ii) an 'efficiency level' [(b) in the equation below, that is the proportion of mitochondrial malate being degraded through the malic enzyme], dependent on temperature (represented by parameter k 3 ) and respiratory load on the mitochondria (represented by parameter k 4 ). The model equation was: 
where Ccit (mmol 100 g À1 FW) is citrate concentration in the mesocarp, FW the mesocarp fresh weight (g), t the date (in DAB) and t 0 the date of the beginning of the experiment. The differential equation is integrated numerically using the first order Runge Kutta method with a oneday integration step. All data analyses were performed with S-Plus language (Splus software, MathSoft Inc., Cambrige, Mass., USA).
Model inputs
The daily respiration of fruit mesocarp (Resp in mmol CO 2 d À1 ), daily mean temperature (T in°C), days after full bloom (DAB), and daily estimates of fresh mesocarp weight (FW in g) are needed as entries of the model.
The respiration of fruit mesocarp is expressed as the sum of maintenance respiration Resp m and growth respiration Resp g :
) is the maintenance respiration coefficient at 20°C, q g (mmol CO 2 g À1 ) the growth respiration coefficient and Q 10 the temperature ratio of maintenance respiration (dimensionless). Values of q m , q g , and Q 10 , taken from DeJong et al. (1987) and DeJong and Goudriaan (1989) , are 0.0543 mmol CO 2 g À1 d
À1
, 7.023 mmol CO 2 g À1 , and 1.96, respectively. DW (g) is the daily dry mesocarp weight, and
) the growth rate of dry mesocarp weight. Daily fresh and dry mesocarp weights were calculated using weekly measured values by local regression.
Modifications to the citrate model of Lobit et al. (2003) Because metabolic processes vary with fruit development in many fruits, including apple (Yamaki and Ishikawa, 1986) , tomato (Robinson et al., 1988) , pear (Moriguchi et al., 1992) , and peach (Moriguchi et al., 1990) , Lelièvre et al. (1997) suggested that the expression of many genes involved in these metabolic processes was controlled throughout fruit development. The model of Lobit et al. (2003) did not include such a developmental control. To analyse this possible effect of fruit development, the focus was on the 'efficiency level'. In contrast to the 'synthesis potential', which quantifies the mithochondrial equipment, the 'efficiency level' characterizes qualitatively its sensitivity to regulating factors like temperature and respiration. Thus, seasonal variations in k 4 that is related to respiration were analysed. Based on the data of peach cv. Fidelia during 1995 and 1996 seasons (see Materials and methods) and assuming that the values of k 1 , k 2 , and k 3 were 0.0101 mmol d
, 0.1180°C
, and -2.2655°C
, which were estimated on the same dataset by Lobit et al. (2003) , equation 2 was used to obtain the seasonal variations in k 4 .
The results showed that the parameter k 4 generally decreased with DAB, regardless of years ( Fig. 1) . To facilitate modelling, these observations were reduced as a linear equation:
It indicated that the response of the 'efficiency level' to respiration may vary throughout fruit development, and shifts from positive to negative at k 4,2 (in DAB). The combination of equation 3 with 1 was expressed with five parameters as follows:
where k 4,1 (mmol À1 CO 2 ) was a parameter related to fruit respiration, k 4,2 was the date (in DAB) for which the rate of net citrate production was equal to k 1 if T was equal to T 0 .
Materials and methods

Plant material
Data from two peach cultivars (Set I and Set II) were included in our study. Sets I and II were introduced in detail by Lobit et al. (2003) and Génard et al. (2003) , respectively. A brief description of them is given hereafter.
Set I was obtained on mid-maturing peach cultivar 'Fidelia' (maturity at mid-July) in 1995 and 1996. Trees were planted in 1992 in an orchard in the Nîmes region (South France) and received standard commercial practices. Samples were harvested weekly from the date of stone hardening to maturity and prepared for analysis. At each harvest date, 24 replicate samples, each one consisting of eight fruits in 1995 and four fruits in 1996, were analysed.
Set II was obtained from trees treated to obtain contrasting assimilate supplies to fruit over four crop seasons using late-maturing peach 'Suncrest'/GF677 (maturity at the beginning of August). Trees were planted at the orchard of the INRA Avignon Centre (South France) in 1981 and received standard horticultural care.
At the end of May 1993, the beginning of June 1996, and midMay 1997, about 240 fruit-bearing shoots on different trees were isolated by girdling. They were pruned to 6, 18, and 30 leaves per fruit (LF6, LF18, and LF30) in 1993 and 1996, and 10 and 30 leaves per fruit (LF10 and LF30) in 1997. Fruits were collected weekly until maturity and pooled to obtain four to five replicate samples in each leaf/fruit ratio treatment. These three experiments consisted of Set II-1.
The fourth experiment, called Set II-2, was performed on 27 June 1994 to suppress assimilate supply to the fruit by girdling the shoot. In this experiment, the shoots were girdled on both sides of the 29 fruit pedicels (G) while 29 control fruits that did not receive any treatment (C) were defined. Fruits were sampled four times until maturity.
The detailed procedures of citrate analysis, growth measurement and temperature recording can be found in Lobit et al. (2003) for Set I, and in Wu et al. (2002) and Génard et al. (2003) for Set II.
Model parameterization and comparison of parameters between two cultivars Equation 4 was fitted to Set I and Set II-1, and parameters k 1 , k 2 , k 3 , k 4,1 , k 4,2 were estimated using a non-linear least squares regression procedure. Calculation procedure for standard error of parameters was shown by Fox (2002) in detail. Through the analysis of standard error and absolute t value for parameters (see Results), the citrate models for Set I and Set II-1 were, respectively, reduced to four and three parameters (equations 5, 6) as follows:
The adjustment quality of equation 5 for Set I and of equation 6 for Set II-1 were compared with that of equation 4 by an analysis of variance table (S-Plus 'Anova' function). This table points out significant pairwise differences between the models and helps to select the best model. À1 taken from Lobit et al. (2003) . The curves were smoothed by the S-plus 'supsmu' function.
The difference in parameters k 1 , k 4,1 , and k 4,2 between equation 5 and 6, i.e. between cv. Fidelia (Set I) and cv. Suncrest (Set II-1), was tested following the Chamber and Hastie (1992) procedure. Fitting equation 5 and equation 6, respectively, to Set I and Set II-1 produced fitted model objects (fitI, fitII). Refitting Set I and Set II-1 together, holding all but one of the parameters constant (for example k 1 ), produced another fitted model object (fitboth). Then the F value for F-test (Fval) was calculated as below:
where res and df are residuals and degrees of freedom, respectively.
Goodness of fit and predictive quality of the model
A criterion was computed to evaluate (i) the goodness-of-fit of the model on the basis of data Set I and Set II-1, which were separately used for parameterization, and (ii) the predictive quality of the model for the independent data Set II-2, which is a special situation of Set II-1. The adopted criterion was the root mean squared error (RMSE), a common criterion to quantify the mean difference between simulation and measurement (Kobayashi and Us Salam, 2000) , here defined as:
where n i , x i , and y i are the number of observed data, the simulation data, and the mean observed data at the measurement date i, respectively, and N is the total number of observed data. The smaller the RMSE in comparison with measurements, the better the goodnessof-fit, which can be represented through relative RMSE (RRMSE):
RRMSE ¼ RMSE y where y is the mean of all observed values.
Cross-validation, a common approach to estimating prediction error, was performed on data Set II-1 to review the predictive quality of the model further. The principles of cross-validation are as follows (Wallach et al., 2001) . The data Set II-1 is split into two parts: one part has only a single situation (the target situation); the other part has all the data independent of the target situation. In this case, the second part of the data only includes situations that are not from the same year as the target situation. The parameters are estimated using the second part of the data, and the resulting parameter values are used to calculate RMSE and RRMSE for the target situation. The procedure is repeated using every situation in turn as the target situation. Averaging the RMSEs or RRMSEs over all the target situations gives the overall estimate of the absolute or relative root mean squared error of prediction (RMSEP or RRMSEP).
Sensitivity analysis
A sensitivity analysis was performed to investigate model responses to parameters, temperature, and fruit growth. The sensitivity of the responses to parameters and temperature was quantified by the normalized sensitivity coefficients, defined as the ratio between the relative variations of predicted citrate concentration and the relative variation of parameters and temperature. These coefficients were estimated by computing the responses of citrate concentrations to variations of60.01% on the parameters and temperature.
The effects of different fruit growth curves on citrate concentration were also simulated. A logistic function was used to model the growth curve of dry mesocarp weight (DW):
where a 1 and a 2 are parameters, and DAB is the day after full bloom. Parameter Gmax and Dmax are, respectively, the maximum growth rate and the time (in DAB) at which maximum growth rate occurs. For the sensitivity analysis, the equation was reparameterized in terms of the initial dry weight (DW 0 ) and the maximum dry weight (DWmax) instead of a 1 and a 2 . DWmax is given by
and DW 0 (on DAB 0 ) can be expressed as
Values of Gmax, Dmax, DW 0 , and DWmax obtained by fitting to the data were multiplied by ratios of 0.5, 1, and 1.5 to obtain different growth curves. In order to apply equation 7, a 2 was first calculated by solving equation 9 with the root finder for continuous functions of S-Plus software, then a 1 was calculated from equation 8.
The corresponding growth curve of fresh mesocarp weight was obtained by the equations: 
Differentiation of equation 10 leads to:
Equation 11 introduces the two components causing change in citrate concentration: metabolism (me) and dilution attributable to increasing fruit size (di). Equation 11 can be combined with the citrate model (equations 5 and 6) to get equation 12 for Set I and equation 13 for Set II-1:
Results
Model parameterization, adjustment, and predictive quality
The equation 4 was fitted to Set I and Set II-1, and the parameters were estimated (Table 1 ). The standard error for k 2 in Set I was found rather high, as well as for k 2 and k 3 in Set II-1. Their estimated values were not significantly different from zero at P¼0.05 level. Thus in equation 4, k 2 for Set I as well as k 2 and k 3 for Set II-1 were supposed to be zero, and equations 5 and 6 were further proposed for Set I and Set II-1, respectively. The adjustment qualities, indicated by RMSE and RRMSE, of equation 1, 4, and 5 (for Set I) and 6 (for Set II-1) were shown in Table 2 . Compared with the model of Lobit et al. (2003) 
Subsequently, using analysis of variance the adjustment qualities of equation 5 for Set I and equation 6 for Set II-1 were further compared with that of equation 4. For Set I no significant difference was detected between equations 5 and 4. Similarly, for Set II-1 the adjustment quality of equation 6 did not significantly differ from that of equation 4. When the adjustment quality of the simpler model had no significant difference with that of the more complex model, the simpler model was chosen The number of parameters for equations 5 (4 parameters) and 6 (3 parameters) was less than equation 4 (5 parameters), and therefore they were preferred as the final appropriate citrate models for Set I and Set II-1, respectively.
Parameter values of equations 5 and 6 are presented in Table 3 . Standard errors of the parameters were small. Late-maturing cv. Suncrest (Set II-1) had significantly lower values of k 1 and higher values of k 4,2 than midmaturing cv. Fidelia (Set I). k 4,1 was not significantly different between the two cultivars. Simulated citrate concentrations by these two models well matched the experimental results (Figs 2, 3 ). RMSEP and RRMSEP for Set II-1 (predictive quality) were 0.52 mmol 100 g À1 FW and 0.32, which can be considered as acceptable. The model adequately simulated the positive effect of assimilate supply on citrate concentration at the beginning of fruit growth and the negative effect at the end of fruit growth.
The parameter values, obtained by Set II-1, were further applied to the independent data Set II-2 (Fig. 4) . Although the RRMSE was high (0.54), the model simulated the decrease of citrate concentration for the control treatment during the late period of fruit development. More interestingly, it predicted the lack of such decrease when the assimilate supply was suppressed, which was corroborated by the data from the girdling treatment.
Sensitivity analysis
The responses of the model to variations of parameters (k 1 , k 3 , k 4,1 , k 4,2 , q m , q g , Q 10 ), temperature, and growth curve of dry mesocarp weight were very similar for different years. Because of this reason, only those obtained on Set I in 1996 and Set II-1 in 1996 will be shown hereafter.
Sensitivity to k 1 rapidly increased during the first 10 d and then was close to being constant (about 0.8) (Fig. 5) . Cultivar, year, and assimilate supply had little influence on sensitivity to k 1 . Sensitivities to k 4,1 and q g exhibited quite similar tendencies. They increased during the first 10 d, then decreased, and were higher for fruits with more assimilate supply. Sensitivities to k 4,2 were positive and increased throughout fruit growth. They were more than ten times higher than those of the other parameters, which reflects the strong dependence of citrate concentration on k 4,2 . In the case of cv. Fidelia in 1995, increasing k 4,2 by 0.01% can increase citrate concentration by up to about 0.57% (not shown). Fruits with a high assimilate supply were more sensitive to k 4,2 than fruits with a low assimilate supply. Sensitivities to q m , and Q 10 were smaller than those to other parameters (k 1 , k 4,1 , k 4,2 , and q g ), and had similar variation independently of assimilate supply, year, and cultivar. They increased from 0 to 0.1 at the beginning of fruit growth, then decreased and finally ranged from -0.02 to -0.07 at maturity. The maximum and minimum daily mean temperatures for cvs Fidelia and Suncrest during all the measured growing seasons did not obviously differ, 16-27°C for cv. Suncrest and 15-28°C for cv. Fidelia, although seasonal variations in daily mean temperature were different (not shown). Sensitivity to temperature for cv. Suncrest was similar to that to q m and Q 10 . Sensitivity to temperature for cv. Fidelia was positive and increased to 0.4 with fruit growth. Conversely, for cv. Fidelia in 1996, sensitivity to k 3 , which is related to temperature, was negative and varied from 0 to -1.2. The effects of changes in dry mesocarp weight growth curve parameters were analysed, that is: maximum dry weight (DWmax), initial dry mesocarp weight at the first simulated date (DW 0 ), maximum growth rate (Gmax) and the date when maximum growth rate was reached (Dmax) on citrate concentration (Fig. 6) . Although the two cultivars showed the same general trends, their response to changes in fruit growth pattern was cultivar specific. While variations of DWmax had little effect of citrate accumulation in cv. Fidelia, increasing DWmax led to much smaller citrate concentrations during the last stages of fruit growth in Suncrest. Increasing DW 0 led to smaller peak citrate concentrations during fruit development in both cvs Fidelia and Suncrest. At harvest there was no effect of citrate concentration in cv. Fidelia, while increasing DW 0 led to higher concentrations in cv. Suncrest. The responses to changes in parameters Gmax and Dmax were similar for cvs Fidelia and Suncrest. At harvest, increasing Gmax resulted in faster growth leading to increased respiration and lower citrate concentration. Increasing Dmax resulted in delayed growth and respiration leading to higher citrate concentration at harvest for cv. Fidelia and for cv. Suncrest.
Effects of metabolism and dilution on citrate concentration
Seasonal variations in metabolism and dilution (me and di in equations 12 and 13) were analysed (Fig. 7) , and the relative importance of metabolism and dilution were compared (Fig. 8) . The results from Set I and Set II-1 in 1996 are represented, since they are representative of the pattern of variation for different years. Metabolism of citrate generally decreased with fruit growth, but varied more for cv. Fidelia showing an increase in the middle of fruit growth. The effect of dilution followed a bell shape. The number of leaves did not show an obvious effect on citrate metabolism. At the beginning of fruit growth, the ability for dilution was different in fruits with more leaves and with fewer leaves, while near maturity the number of leaves had no marked effect. Figure 8 showed that the variation in citrate concentration at the beginning of fruit growth resulted mainly from citrate metabolism. Near maturity, dilution had a stronger effect on citrate concentration, although both metabolism and dilution decreased throughout fruit growth. Indeed, at maturity, the metabolism value could be negative, which means that the degradation of citrate was more than its synthesis.
Discussion
It was attempted to improve the citrate model of Lobit et al. (2003) considering fruit development, respiration, and temperature as input variables. In the original model, the rate of citrate synthesis or degradation was the product of a 'synthesis potential' and an 'efficiency level', both independent from the developmental stage of the fruit. The new model includes the fact that the response of the 'efficiency level' to respiration may vary throughout fruit development, and represents this by a linear decrease of k 4 with time (with parameters k 4,1 and k 4,2 representing the 1993, 1996, and 1997 seasons (data Set II-1). The labels C and G indicate the control and girdling treatments, respectively. Crosses represent repetitions of the measurements, and lines simulated citrate evolution. RMSE is the root mean squared error and RRMSE the relative RMSE.
rate of decrease and the date when k 4 becomes null). Besides embedding fruit development, the adjustment qualities of the new model in terms of RMSE and RRMSE are better than those of the original model. With the new model, there was a good agreement between predicted and observed citrate concentrations in two cultivars in different years, and the effects of assimilate supply on seasonal variations in citrate concentration was well predicted. In addition, for cv. Suncrest the new model has one less parameter than the original model. Therefore, the new model is significantly improved based on the original model of Lobit et al. (2003) .
A comparison of the model parameters between cultivars and an examination of the model sensitivity to parameters highlighted differences that may concern metabolism.
Parameter k 1 was 35% to 40% lower in cv. Suncrest than for cv. Fidelia, while its sensitivity coefficient was around 0.8 for the different cultivars, years and assimilate supply considered. Since this parameter accounts for the rate of dicarboxylate uptake by the mitochondria, it can be considered as an indicator of the mitochondrial activity per unit dry matter in the young fruit. Cv. Suncrest usually has a lower relative growth rate (0.004-0.043 g g À1 DW) than cv. Fidelia (0.02-0.07 g g À1 DW). It is not surprising that late-season cultivars, which grow more slowly than mid-season cultivars, may have lower mitochondrial activity and lower citrate synthesis potential.
Important parameters determining citrate concentration in peach fruit mesocarp are k 4,1 and k 4,2 , since they account for the response of citrate metabolism to respiration. Particularly important is k 4,2 , as citrate concentration was most responsive to k 4,2 among all parameters. k 4,2 can be interpreted as the date where a turning point in citrate metabolism is reached: before this date, increasing respiration stimulates citrate synthesis, while after it stimulates citrate degradation. In this study, this date was soon after the peak of citrate concentration during fruit development and obviously later for the late-maturing cultivar (DAB 112 for cv. . Sensitivity coefficients with respect to model parameters (k 1 , k 3 , k 4,1 , k 4,2 ), the maintenance respiration coefficient at 20°C (q m ), the growth respiration coefficient (q g ), the temperature ratio of maintenance respiration (Q 10 ), and daily mean temperature (T). The analysis was performed using the data of cvs Fidelia and Suncrest during the 1996 season. The labels LF6, LF18, and LF30 indicate the leaf:fruit ratio. Coefficients were defined as the ratio between the relative variations of citrate concentration and the relative variation of parameters and temperature. Here they were estimated by computing the responses of citrate concentration to variations of 60.01% in the parameters and temperature. Fig. 6 . Effects of dry weight growth curve parameters DWmax, Gmax, Dmax, and DW 0 on fruit respiration and citrate concentration. DWmax is maximum dry weight, Gmax is the maximum growth rate, Dmax is the time (in DAB) at which maximum growth rate occurs, and DW 0 is dry weight at the beginning of simulation. The analysis was performed on the data of cv. Fidelia and the leaf:fruit ratio 18 (LF18) treatment of cv. Suncrest during the 1996 season.
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Suncrest) than for the mid-maturing cultivar (DAB 102 for cv. Fidelia). k 4,1 was similar for both cultivars. Sensitivity to temperature was analysed. For cv. Suncrest raising mean temperature during fruit development increased citrate concentration, but this increase did not persist until maturity. Near maturity fruit grown under elevated temperatures had lower citrate concentration. This sensitivity analysis was in agreement with the experimental results on citrus by Marsh et al. (1999) , which indicated that raising temperature at the end of fruit development favoured the accumulation of sucrose rather than onward metabolism to organic acid. For cv. Fidelia raising mean temperature during fruit development increased citrate concentration much more strongly than for cv. Suncrest. The main reason was that for cv. Fidelia, a parameter k 3 related to temperature was additionally included in the model (equation 5), compared with the model (equation 6) for cv. Suncrest. It is interesting to notice that sensitivity analysis to k 3 indicated that increased k 3 could decrease citrate concentration during fruit development.
Four parameters related to fruit respiration (q m , Q 10 , q g , and k 4,1 ) were investigated. Variations in the growth respiration coefficient (q g ) and in k 4,1 had similar significant effects on citrate concentration. Generally, increasing q g , seemed to increase citrate concentration, while this effect diminished near maturity. By contrast, variations in the maintenance respiration coefficient at 20°C (q m ) and the temperature ratio of maintenance respiration (Q 10 ) affected citrate metabolism very little. In addition, these two parameters appear not to vary between cultivars (DeJong et al., 1987; Pavel and DeJong, 1993) , which make them bad candidates to explain differences of citrate metabolism between cultivars.
The relationships between citrate concentration, respiration, and fruit growth were analysed in a comprehensive manner by simulating different growth curves and corresponding respiration curves. In spite of the betweencultivar difference in respiration curves, these simulations suggested that, in general, at the beginning of fruit development an increase of the mesocarp dry weight increased both fruit respiration and citrate concentration, and near maturity increased fruit respiration but decreased citrate concentration. These simulated results were in agreement with the effects of assimilate supply as reported by Wu et al. (2002) . How the opposite effects of fruit growth and respiration on citrate concentration was partitioned at k 4,2 is worth further study. An attempt was made to distinguish the effects of metabolism and dilution on citrate concentration in peach fruits via the citrate model. It was demonstrated that citrate concentration was mainly linked to its metabolism at the beginning of fruit growth. As the fruit grew, the dilution effect became more important than metabolism Near maturity both metabolism and dilution tended to decrease, and metabolism could be negative, which indicated citrate degradation. These results are in accordance with Sadka et al. (2000) studies on citrus fruit, in which the accumulation of citrate at the beginning of fruit development and its decline toward fruit maturity was also typical. Active catabolism occurred mostly after the citrate had peaked, which they attributed to an increase in NADP + -isocitrate dehydrogenase activity and gene expression. The model also shows degradation in citrate after citrate concentration has peaked.
As in the original model, this improved model does not represent individually the mechanisms involved in citrate metabolism. For example, it cannot be used to quantify the effect of a variation of the NADP + -isocitrate dehydrogenase activity. The model parameters only account for the combined effect of these mechanisms. For example, parameters k 2 and k 3 in both the original and the improved model account for the combined effect of different sensitivities to temperature of all transport and enzymatic reactions occurring in the mitochondria. Similarly, parameters k 4,1 and k 4,2 introduced in the new model account for variations of several enzymes and transport systems throughout fruit development. Even so, the model parameters are closely related to the properties of mitochondrial transport systems and enzymes, and differences in these parameters reflect changes in the underlying metabolic properties of the fruit. In the near future, we expect to describe the between-genotype variation of the parameters k 1 , k 4,1 , and k 4,2 using a peach breeding population derived from a clone of a wild peach by three generations of crosses with commercial nectarine varieties (Wu et al., , 2005 .
From an ecophysiological point of view, it is interesting to understand if environmental conditions affect citrate concentration due to direct effects on metabolism or indirect effects like dilution. The model can be used to determine the relative contribution of metabolism and dilution, caused by change in fruit volume, on the variation of citrate concentration.
Finally, the pattern of citrate accumulation described in peaches is common to other fruit species, such as tomato (Knee and Finger, 1992) and citrus (Marsh et al., 1999) . Therefore, the present model is likely to be applicable to a variety of species with only minor modifications. Combined with models for other organic acids, such as malate (Lobit et al., 2006) , and models relating titratable acidity, pH, and composition in fruit mesocarp (Lobit et al., 2002) , it would be a useful tool to study fruit acidity.
